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Background: The purpose of this study was to determine whether surface irregularities measured from ultrasound
images of carotid artery plaques and quantified using a novel method, correlate with the presence of ipsilateral
hemispheric cerebrovascular symptoms.
Methods: A plaque surface irregularity index (SII) was measured in 47 carotid artery plaques (32 subjects, stenosis
range 10% -95%, 49% symptomatic) using ultrasound image sequences spanning several cardiac cycles. The differences
in the distribution of SII in plaques with ipsilateral hemispheric symptoms versus those without symptoms and the
correlation between the SII of plaques and the degrees of stenosis of the corresponding arteries were assessed.
Diagnostic performance of plaque SII was evaluated on its own and in combination with the degree of stenosis.
Results: The mean SII was significantly greater for plaques with ipsilateral hemispheric symptoms (1.89 radians/mm)
than for asymptomatic plaques (1.67 radians/mm, p = 0.03). There was no statistically significant association between
the SII and the degree of stenosis (p = 0.30). SII predicted the presence of cerebrovascular symptoms with an accuracy
of 66% (sensitivity 65%, specificity 67%) on its own and with an accuracy of 83% (sensitivity 96%, specificity 71%) in
combination with the degree of stenosis.
Conclusions: Quantitative assessment of carotid plaque surface irregularities using a novel SII parameter correlates with
the presence ipsilateral hemispheric cerebrovascular symptoms and may increase diagnostic performance beyond that
provided by the degree of stenosis.
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There is growing interest in using ultrasound images of
the carotid artery to assess plaque surface irregularities
and use this as a surrogate marker of carotid plaque ul-
ceration and vulnerability. Previous studies have investi-
gated plaque surface irregularities using qualitative
classification schemes such as smooth vs. irregular or by
using specific criteria for classifying ulceration [1-5].
Surface structure determined from ultrasound images
has been found to correlate, to some extent, with surface* Correspondence: kumar.ramnarine@uhl-tr.nhs.uk
4Department of Medical Physics, University Hospitals of Leicester NHS Trust,
Sandringham Building, Leicester Royal Infirmary, Infirmary Square, LE1 5WW,
Leicester, England, UK
Full list of author information is available at the end of the article
© 2013 Kanber et al.; licensee BioMed Central
Commons Attribution License (http://creativec
reproduction in any medium, provided the orstructure found on angiography [6,7], intra-plaque haemor-
rhage [8], CT/MRI-determined cerebral infarctions [9-12]
and the incidence and presence of cerebrovascular events
and symptoms [6,8,9,12-16]. Ultrasound-determined sur-
face structure agreed with that found on surgical/autopsy
specimens with varying degrees of success [1,3,5,17-26]. A
large, prospective study found that the unadjusted, cumula-
tive, 5-year risk of ischaemic stroke was 8.5% when ir-
regular plaques were seen on ultrasound, compared
to 1.3% and 3.0% for no plaque and smooth plaques,
respectively [27].
Quantitative assessments of plaque surface irregular-
ities may have benefits over qualitative assessments,
since they should be more operator-independent. Yet,
even with quantitative analyses, manual delineation ofLtd. This is an open access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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ages introduces some subjectivity into the process and is
less likely to capture small defects on the plaque surface.
There have been only a few attempts to quantify the sur-
face irregularities of carotid artery plaques. Tegos et al.
[28] quantified surface irregularities by calculating the
bending energy of the plaque surface. However, plaque
surfaces were manually outlined by the operator, and the
authors obtained similar bending energies for symptom-
atic and asymptomatic plaques. More recent studies
quantified plaque surface irregularities by measuring the
principal curvatures of plaque surfaces in 3 dimensions
[29,30]; however, the underlying 3-dimensional ultra-
sound techniques are still under development, and more
difficult to implement in the vascular clinic compared to
2-dimensional techniques.
We hypothesized that an objective, quantitative meas-
urement of carotid plaque surface irregularities using 2-
dimensional, cross-sectional ultrasound imaging would
correlate with the presence of ipsilateral hemispheric
symptoms. This study defined a novel surface irregular-
ity index (SII) and investigated whether it enhances diag-
nostic performance compared to the degree of stenosis
of the carotid artery alone.
Methods
32 consecutive patients (20 males and 12 females) who
attended the University Hospitals of Leicester NHS
Trust’s Rapid Access Transient Ischaemic Attack (TIA)
clinic were recruited. The study was approved by the
National Research Ethics Service (NRES) Committee
East Midlands - Northampton (reference 11/EM/0249),
followed institutional guidelines, and each patient gave
informed consent before participating in the study. Pa-
tients who did not have carotid stenoses were excluded
from the study. In total, surface irregularity indices of 47
carotid artery plaques (stenosis range 10% -95%) were
measured. Plaques were classified as either having
caused ipsilateral hemispheric cerebrovascular symptoms
(i.e. symptomatic) or asymptomatic following specialist
medical review. Symptoms included aphasia, transient
monocular blindness and hemimotor/sensory symptoms
consistent with transient ischaemic attack or stroke.
Data acquisition
Longitudinal cross-sections of the carotid plaque were ac-
quired by experienced sonographers using a Philips iU22
ultrasound scanner (Philips Healthcare, Eindhoven, The
Netherlands) with an L9-3 probe. B-Mode (greyscale) and
Colour Doppler image sequences were recorded as
DICOM files over an average of 5 cardiac cycles (mean
frame rate was 32 frames per second) using the vascular
carotid preset on the scanner (Vasc Car preset, persistence
low, XRES and SONOCT on). Colour Doppler imagesequences were used as a qualitative aid to identifying the
location and extent of the plaques, and for qualitative as-
sessments, while the greyscale data were used for the
quantitative analyses of plaque surface irregularities.
Analysis
Quantitative analyses were carried out using MATLAB ver-
sion 7.14, release 2012a (MathWorks, Natick, Massachusetts,
USA) and employed a novel technique to track plaques
throughout ultrasound image sequences [31]. We measured
plaque surface irregularities using a novel surface irregularity
index which was calculated by computationally summing
the angular deviations from a straight line, of the luminal
plaque surface, and dividing this by the length of the plaque
surface. The measurements were made without a priori
knowledge of the patient symptomatic status. The surface
irregularity index was also combined with the degree of
stenosis of the corresponding artery by taking their prod-
uct, resulting in a combined risk indicator. Degrees of sten-
osis were measured using criteria consistent with the
NASCET method utilizing blood flow velocities in con-
junction with the B-Mode and colour flow imaging [32-34]
and plaque SII measurements were averaged across all
image frames. As Doppler velocity measurements are not
able to reliably discriminate degrees of stenosis below 50%,
we used B-Mode diameter measurements and colour flow
imaging to grade the degree of stenosis into deciles for
minor stenoses. We assessed the reproducibility of our
surface irregularity measurements by calculating the intra-
observer and inter-frame variabilities. Intra-observer
variabilities were determined by measuring the surface
irregularity indices of nine selected plaques five times using
the same carotid file-video for each plaque, respectively.
The nine plaques were selected from the available dataset
to give a wide range of stenosis severity and plaque echo-
genicity for reproducibility analysis. Inter-frame variabil-
ities, on the other hand, were assessed for all the plaques
included in the study, to give a measure of the magnitude
of variations seen in the surface irregularity indices across
image frames. A qualitative assessment of plaque surface
irregularities was also performed by an experienced
vascular scientist, off-line and blinded to patient clinical
history, classifying plaque surfaces as either smooth or
irregular using the greyscale and Colour Doppler images as
a guide.
Statistical analysis
Statistical analyses were carried out using SPSS version 20
(IBM Corporation, Armonk, New York, USA). The non-
parametric Mann–Whitney U-test was used to determine
whether the surface irregularity indices differed significantly
between the symptomatic and asymptomatic plaque groups
and those plaques qualitatively classified as having an irregu-
lar or smooth surface. Kendall’s tau was used to establish
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could be regarded as statistically independent and Receiver
Operating Characteristic (ROC) curves were used to investi-
gate the diagnostic performance of the plaque SII on its
own and in combination with the degree of stenosis. The
correlation between the symptomatic and asymptomatic
plaque groups and the qualitative plaque surface assessment
was performed using Pearson’s χ2.
Results
Twenty-four of the 47 plaques investigated were found
to be free from symptoms, while the remaining 23 were
found to be symptomatic following expert specialist
stroke physician assessment. The mean age of the symp-
tomatic patients was 75.3 years compared with 77.8 years
for the asymptomatic (p > 0.05, Mann–Whitney test).
None of the patient characteristics sex (20 males),
current or past tobacco smoking (63%), hypertension
(63%), hypercholesterolaemia (53%), diabetes mellitus
(53%), ischaemic heart disease (38%), family history of
stroke (34%), previous TIA/stroke (44%), alcohol con-
sumption (28%) and peripheral vascular disease (13%)
had a statistically significant relationship to the presence
of symptoms (p > 0.05 for all, Pearson’s χ2).
Examples of a symptomatic and an asymptomatic
plaque, with their corresponding surface irregularityFigure 1 Two plaques of markedly different surface irregularity indice
an asymptomatic plaque with an SII of 1.57 radians/mm. The plaque surfac
the pink and green dashed lines overlap). (a) is also a plaque qualitatively c
qualitatively classified as having a smooth surface.measurements, are shown in Figures 1 and 2. Across the
full data-set, the mean SII of symptomatic plaques was
1.89 radians/mm compared with 1.67 radians/mm for the
asymptomatic plaques. Plaque SII (p = 0.03), the degree of
stenosis (p < 0.01), and the product of the two (p < 0.01)
were all significantly higher in symptomatic plaques com-
pared with the asymptomatic (Figure 3). There was no sta-
tistically significant relationship between the plaque
surface irregularity index and the degree of stenosis or the
plaque area (p = 0.30 for both, Figure 4).
Qualitatively, 27 of the 47 plaques were classified as hav-
ing an irregular surface, and 20 were classified as being
smooth. Figure 1 illustrates examples of plaques qualitatively
classified as having irregular and smooth surfaces. There
were 11 smooth and 13 irregular plaques in the asymptom-
atic group, and 9 smooth and 14 irregular plaques in the
symptomatic group. There was no statistically significant as-
sociation between the qualitative assessment of surface ir-
regularities and the symptomatic status (p = 0.64). However,
the SII of the plaques qualitatively classified as having an ir-
regular surface was significantly higher than those classified
as having a smooth surface (p = 0.01, Figure 5).
Receiver operating characteristic (ROC) curve analysis
showed that the SII could predict the presence of ipsilateral
hemispheric cerebrovascular symptoms with an accuracy of
66% (sensitivity 65%, specificity 67%) on its own and with ans: (a) a symptomatic plaque with an SII of 2.25 radians/mm; and (b)
e is the boundary between the plaque and the arterial lumen (where
lassified as having an irregular surface, while (b) is a plaque
Figure 2 Full-size ultrasound images corresponding to the close-up plaque views shown in Figure 1. (top row) the symptomatic plaque,
(bottom row) the asymptomatic plaque.
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ation with the degree of stenosis (Figure 6). The area under
the ROC curve was largest for the product of the degree of
stenosis and the SII (0.866) compared to either the degree of
stenosis (0.832) or the SII on its own (0.687).
Our study of plaque SII measurement reproducibility
showed a mean intra-observer coefficient of variation of4.4%. The mean intra-observer, inter-frame coefficient of
variation was 10.6%.
Discussion
This study defined a novel ultrasound plaque surface ir-
regularity index which was found to have potential clinical
value for improving the identification of the vulnerable
Figure 3 Distribution of plaque SII (left), degrees of stenosis (DOS, middle) and the product of the two (right) in the symptomatic and
asymptomatic plaque groups. Degrees of stenosis are given as degree of stenosis (%)/100% (i.e. 0.5 corresponds to 50%, etc.).
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and non-invasive means of assessing the carotid plaque.
Of the characteristics of plaques that can be assessed using
ultrasound, plaque surface structure is an interesting po-
tential candidate for inclusion in a stroke risk model.
However, there are two major practical problems with the
ultrasound assessment of plaque surface structure. First,
an irregular surface observed on ultrasound does not ne-
cessarily indicate an ulcerated or compromised plaque
surface. Barry et al. [23], for example, found that false
ultrasound diagnoses of ulceration could be due to culs-
de-sac or pits in fibrotic tissue that look like ulcers. Sec-
ondly, ulcerations or surface defects may not always be
detected, particularly in cross-sectional, 2-dimensional
ultrasound imaging. This is due to the limited coverage of
2-dimensional ultrasound. Furthermore, small ulcerations
or surface defects may not be revealed if these are smaller
than the resolution of the ultrasound imaging system.
Despite these difficulties, it is reasonable to expect poten-
tially vulnerable types of plaque, such as plaques with ul-
cerations or plaques for which the surface integrity has
been compromised, to exhibit greater irregularity in gen-
eral. Irregular plaques could also potentially lead toFigure 4 Scatter plot of the plaque surface irregularity index versus th
plaque area (right), illustrating a lack of association between these pamore disturbed blood flow patterns with local high- and
low-velocity flow regions and subsequent increases in
plaque stress and increased risks of thrombosis, respect-
ively. We should therefore expect an assessment of the
surface irregularities of plaques to bring useful informa-
tion that relates to plaque vulnerability. However, in a
small cohort of patients, a strong correlation to symp-
toms should not be expected for the surface irregular-
ities on their own, since it is an assessment only of the
surfaces of plaques and surface irregularities may or
may not be indicative of ulcerations and other surface
defects.
In our study, we measured the surface irregularities of
plaques in an objective manner and found that these
quantitative measurements correlated with a qualitative
assessment of surface irregularities. A correlation be-
tween surface irregularities and ipsilateral hemispheric
symptoms was found for the novel quantitative method
but not for the qualitative measure. The absence of a
correlation in the case of the qualitative assessment can
be attributed to the increased subjectivity of qualitative
measures which may render a weak correlation to symp-
toms undetectable. The subjectivity of the qualitativee degree of stenosis of the corresponding artery (left) and the
rameters.
Figure 5 Distribution of plaque SII across the plaque groups qualitatively classified as having an irregular or smooth surface.
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be classified as smooth or irregular with any certainty.
In such cases, the assessor may make a highly subjective
decision to place the plaque in one or the other group.
The alternative is to mark such plaques as having anFigure 6 Comparison between ROC curves for plaque surface irregula
(DOS × SII).indeterminate surface characteristic and therefore
unclassified.
We found that the combination of the plaque surface
irregularity index with the degree of stenosis of the cor-
responding artery resulted in a more effective diagnosticrity index (SII), the degree of stenosis (DOS) and their product
Kanber et al. Cardiovascular Ultrasound 2013, 11:38 Page 7 of 8
http://www.cardiovascularultrasound.com/content/11/1/38test compared to the degree of stenosis on its own. This
indicates that the objective study of plaque surface ir-
regularities may provide useful additional information
for predicting the presence of cerebrovascular symp-
toms. There was no significant correlation between the
plaque SII and the degree of stenosis in our assessment,
indicating that the former may provide information that
is complementary to the latter.
Our surface irregularity index was combined with the de-
gree of stenosis of the corresponding artery as the latter is
an established parameter widely used in clinical practice and
associated with an increased risk of cerebrovascular events.
We took the product of the two parameters as the presence
of ipsilateral hemispheric symptoms was directly related to
both the degree of stenosis and the surface irregularity
index. Our study found that combining the surface irregu-
larity index with the degree of stenosis results in a more ef-
fective risk indicator than the degree of stenosis on its own.
The measurement technique we used had good reprodu-
cibility. The intra-observer variations were due to the hu-
man operator involvement required for the initial setup of
the boundary detection procedure that resulted in the semi-
automatic delineation of the plaque-arterial lumen boundar-
ies, while the inter-frame variations were probably chiefly
due to out-of-plane plaque, patient, and probe motion.
Further work can be directed towards studying the sur-
face irregularities of plaques taking into account the echo-
genicity characteristics local to the surface. This would be
useful as it may be more likely for surface irregularities to
correspond to surface defects such as ulcerations or hae-
morrhages if the plaque has a less echogenic pattern
(e.g. a ruptured fibrous cap or a haemorrhage) compared
to being highly echogenic (e.g. fibrous or calcified). The
variation of surface irregularities across plaque surfaces
should also be explored in a follow-up study since plaque
surfaces may contain both smooth and rough segments
and their distribution may provide useful additional infor-
mation that relates to plaque vulnerability.
Conclusions
Our study has shown that an objective assessment of
plaque surface irregularities using a novel surface irregu-
larity index may correlate with the presence of ipsilateral
hemispheric cerebrovascular symptoms. We found an
increase in diagnostic performance with the use of the
plaque SII versus that provided by the degree of stenosis
alone. Plaque SII may therefore be a valuable tool for
improving risk assessment, by means of helping identify
the vulnerable plaques in patients with carotid artery
disease. The potential clinical value of this parameter
should be explored in follow-up studies.
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